Since its discovery in 1891, the pneumococcus has been one of the most extensively studied microbes, and was involved in several historical findings such as the discovery of genetic material that was later shown to be DNA. The pneumococcus is part of the normal bacterial flora of the nasopharynx, but can on occasions progress to sterile sites of the body and cause invasive diseases. There are about one million new invasive pneumococcal infections every year, majority of which occur in the developing world where children <5 years are most affected. The burden of pneumococcal disease is further heightened by the increasing prevalence of multidrug resistance of the organism. The pneumococcus remains a pathogen of immense public health significance and understanding its biology, particularly the pathogenesis and antibiotic resistance is crucial to controlling pneumococcal disease.
Introduction
The pneumococcus is part of the bacterial flora of the upper respiratory tract, and is also associated with several invasive diseases including meningitis, pneumonia and septicaemia. Worldwide, the annual incidence of invasive pneumococcal disease is about one million [1] [2] , and the public health burden related to Streptococcus pneumoniae is heightened by the increasing resistance of the organism to essential antimicrobial drugs, particularly penicillin, cephalosporins and macrolides (http://spneumoniae.mlst.net/). Though pneumococcal conjugate vaccines have become available in many countries, they are not likely to eliminate pneumococcal disease. This is because the vaccines only cover a handful of serotypes [3] , and the nonvaccine serotypes derive an ecological advantage from the removal of their competitors and have been increasing in carriage prevalence, disease and antibiotic resistance [4] - [6] . The pneumococcus is thus a pathogen of immense public health importance and understanding its biology, especially the pathogenesis and antibiotic resistance is of paramount importance. Information on pneumococcal pathogenesis and antibiotic resistance can provide clues for design of therapeutic and epidemiological control measures. This review paper therefore aims to provide insights into pneumococcal pathogenesis and antibiotic resistance.
Historical, Microbial and Genomic Features of the Pneumococcus
S. pneumoniae was first isolated in 1881 independently by Stenberg and Pasteur [7] . Each scientist was able to grow the organism in vitro and reported on its morphology as diplococcal with a capsule. Over the years the name of the organism has been altered several times. It was named Microbe septicemique du salive by Pasteur and Micrococcus pasteuri by Stenberg. Later it was named Pneumococcus and Diplococcus pneumoniae, and finally named Streptococcus pneumoniae [8] . Since its discovery, S. pneumoniae has been one of the most extensively studied organisms, and was involved in several historical findings; probably the most important was the discovery of genetic material that was later shown to be DNA. In 1928, Griffith observed that when heat-killed encapsulated S. pneumoniae and live strains constitutively lacking any capsule were concomitantly injected into mice, the non-encapsulated could be converted into encapsulated S. pneumoniae with the same capsular type as the heat killed strain [9] . About 16 years later, the nature of this "transforming principle", or carrier of genetic information, was shown to be DNA [10] [11] . Other important discoveries resulting from investigations of S. pneumoniae have been summarized by Austrian [12] and Watson et al. [13] , and include:
• development of Gram staining in 1884.
• role of the bacterial capsule in resistance to phagocytosis in 1891.
• the quellung reaction in 1902.
• putative use of polysaccharide antigens as vaccines in 1927.
• therapeutic efficacy of penicillin in 1941.
• discovery of regulatory thymus-derived T lymphocytes in 1990.
S. pneumoniae is a Gram-positive, lancet-shaped bacteria usually occurring in pairs though they may also occur singly and in short chains. An important characteristic of the organism is the presence of a polysaccharide capsule which is the basis of over 90 different serotypes, which are further classified into 46 serotypes/groups based on antigenic similarities [14] - [16] . On an agar plate (usually blood agar), it grows as pinpoint, centrally depressed glistening colonies with alpha-haemolytic halos around the colonies. S. pneumoniae is a facultative anaerobe. However, 8% of clinical isolates particularly, serotypes 1, 3, 16, 28 and 34 require enrichment with carbon dioxide for growth [17] . The organism usually possesses an enzyme called autolysin that has the ability to disrupt and to disintegrate the cells in a process called autolysis. The autolytic activity of S. pneumoniae is often utilised as a diagnostic test for the organism, referred to as to as the bile solubility test. This test, together with optochin susceptibility, and some of the other phenotypic characteristics such as colony morphology and the presence of a capsule are used in the identification of S. pneumoniae [18] .
After having a pioneering role in genetics through the discovery of DNA, the complete genome of a representative strain (TIGR4) of S. pneumoniae was published for the first time in 2001 [19] . Since the sequencing of the TIGR4 strain, over forty pneumococcal strains have been reported to be fully sequenced [20] . Information on the genome sequencing of various S. pneumoniae strains, including strains that have been fully sequenced and annotated, and others that are still in the process of being sequenced are reported on the websites of Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/Projects/S_pneumoniae/) and National Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). The genomic features of two sequenced S. pneumoniae reference strains including TIGR4 and R6 that are used in most research laboratories are summarized in Table 1 . The two strains have similar genome sizes, gene populations and GC contents. Both genomes display a high density of repeat elements including insertion, BOX, and RUPS that contribute to genomic plasticity [19] [21] . Both TIGR4 and R6 strains display several types of surface proteins and signal peptides appear to be the most abundant. Comparison of the TIGR4 and R6 genomes indicate that the genome structure is conserved throughout their lengths, but there are 12 clusters exclusive to TIGR4 and 6 clusters exclusive to R6. This is indicative of indels and also other regions between conserved flanks that differ between the TIGR4 and R6 genomes. A striking difference between the two genomes is that the R6 genome has a 7504 bp deletion in the capsule locus, while the TIGR4 genome has a 13-gene cluster involved in capsular biosynthesis. This explains why TIGR4 is encapsulated while R6 is unencapsulated and is also avirulent.
Pathogenesis of the Pneumococcus

Identification of Pneumococcus Virulence Determinants
By definition, virulence determinants are molecules produced by pathogens that enable them to multiply and spread within a host in part by eluding host defences. Virulence determinants of pathogens are most often associated with disease in the host as they inhibit certain host functions. Traditionally, identification of virulence genes has relied on the characterization of individual defined mutants and their comparison with the parent strain in appropriate in vitro and in vivo assays. Though this approach has yielded useful information, it is costly and laborious, as analysis of large numbers of genes and consequently, the infection of numerous animals in infection models is required. New approaches that to some extent overcome these problems have been devised and include Signature Tagged Mutagenesis (STM), in vivo expression technology (IVET) and Microarray analysis. All three methods have been applied to identify virulence genes in S. pneumoniae [22] - [24] . Essentially, STM is a functional genomics approach that enables one to evaluate a large collection of potential mutants simultaneously in a single animal host, and then to identify mutants that fail to colonize host tissues [25] - [27] . In STM the mutagens are transposons that have been modified by incorporation of different DNA sequence tags, thus making it possible to monitor the progression of a particular mutant in a collection of other mutants [27] . Genes identified by STM can be categorised into three groups, including those whose functions have been defined, those with suspected functions and those whose function cannot be predicted. Several methods have been developed to help evaluate functions of genes in the second and third categories, which include in vitro procedures such starvation survival and growth rates in different media and in vivo procedures such as lethal dose determination. About 20% of pneumococcal genes screened by STM have indicated a potential role in virulence and encode transcriptional regulators, surface proteins and metabolic proteins [22] . IVET is a modification of STM and allows identification of promoters active in vivo by using genetic complementation of a conditionally lethal mutation, that is dependent on the fusion of an in vivo-expressed promoter to the coding sequence that complements the specific mutation [23] . Thus cloned promoters associated with the expression of a gene whose function is essential for survival within the host can be selected. Though this method has some drawbacks, a major advantage is the fact that a positive selection strategy can be used to isolate a gene of interest as opposed to STM. Additionally, unlike IVET, STM does not permit detection of virulence genes necessary for survival in vitro for the simple reason that gene knockouts results in defective growth of mutants [26] . Using IVET, Meng et al. [28] identified genes expressed specifically during S. pneumoniae infections in mice. Overall, fifteen genes were identified and encoded functions such as colonization and adherence, transportation of nutrients, energy metabolism, transcription regulation, DNA metabolism and cell wall biosynthesis.
Identification of virulence genes of S. pneumoniae and other pathogens can also be achieved through direct sequencing of their genomes followed by bioinformatic analysis of the sequence data. Within the sequence data, virulence genes or pathogenicity islands may be identified by looking for regions with DNA signatures (such as G + C content or dinucleotide bias) that are different from other parts of the genome [29] [30] . Additionally, virulence genes can be identified through comparative analysis of sequenced genomes that are closely related (same species) or significantly different but cause similar diseases [31] . Through such comparison, and searching for genes that are co-regulated with known virulence factors, one can identify novel virulence factors.
Virulence Determinants of the Pneumococcus
The virulence determinants of the pneumococcus are numerous and cover a wide spectrum of microbial components. These virulence determinants are discussed extensively in this section, and are also summarized in Table  2 at the end of the section.
Capsule
The polysaccharide capsule of S. pneumoniae is a major virulence factor and has historically been demonstrated to be experimentally important for survival in mice by Avery and Goebel [32] , Alonso De Velasco et al. [33] and Hammerschmidt et al. [34] . The polysaccharide capsule confers protection against phagocytosis and also inhibits complement activation by the alternative pathway [35] . Different pneumococcal capsular serotypes are known to vary in their capacity to resist phagocytosis which is mainly due to the biological properties of the capsular polysaccharide [36] . Virulence of S. pneumoniae mutants that differ only in the type of capsular polysaccharide expressed was studied by Kelly et al. [37] in the murine infection model. The investigators observed that the relative virulence of the mutants in relation to the parental strains (wild type) was determined mainly by the capsular type. However, the genetic background of the recipient strain was also of importance, indicating that non-capsular factors are also required for full virulence. 
Pili
Pilus was recently reported among S. pneumoniae for the first time [38] . This pneumococcal pilus is encoded by the rlrA islet, which encodes three pilus subunit proteins, including RrgA, RrgB and RrgC. Experimental evidence indicate that this pilus play an important role in adhesion of the organism to humans, and is mediated mainly by RrgA [38] . The pneumococcal rlrA islet is known to occur in about 30% of clinical isolates and seems to be associated with some clonal complexes such as CC156, CC236 and CC558 [39] [40] . More recently, another type of pneumococcal pilus (islet 2) has been reported [41] . This pilus has three structural proteins and has also been shown to be important for pneumococcal adherence to various cells such as A549 [41] . The distribution of islet 2 in pneumcocci appear to be different from that of islet 1 (rlrA) as islet 2 occurs in some clones that lack islet 1 [39] [40].
Hyaluronidase
Pneumococcal strains isolated from cases of human meningitis and meningoencephalitis tend to have significantly higher hyaluronidase activity than strains isolated from cases of otitis media [42] . This indicates the role and importance of hyaluronidase in the pathogenesis of human pneumococcal meningitis or invasive disease. Hyaluronidase produced by S. pneumoniae degrades connective tissue of the host, and thereby facilitate spread or invasion of the organism. This observation indicates that S. pneumoniae strains with higher hyaluronidase activity spread more effectively as indicated by their ability to pass the blood-brain barrier [43] [44].
Pneumococcal Specific Proteins
S. pneumoniae has a vast range of proteins, but only a few actually contribute to the virulence of the organism.
The proteins shown to contribute to pneumococcal virulence (pneumolysin, autolysins, neuraminidase, surface protein A, surface protein C, surface adhesion A and IgA protease) are described below:
Pneumolysin
Pneumolysin is the most studied pneumococcal protein and is a member of so called thiol activating haemolysins found in several Gram positive pathogens [45] - [47] . The protein contributes to virulence by diverse mechanisms, it:
• elicits the production of inflammatory cytokines like tumour necrosis factor alpha.
• inhibits the activity of cilia on human respiratory epithelial cells • impedes the bactericidal activity and migration of neutrophils • inhibits lymphocyte multiplication and antibody synthesis.
• activates the classical complement pathway in the absence of anti-toxin antibody
Autolysins
Three autolysins, LytA, LytB, and LytC are elaborated by S. pneumoniae. The major pneumococcal autolysin, LytA has been suggested to play a role in pneumococcal pathogenesis by releasing pneumolysin from the cytoplasm [48] . Loss of function of LytB and LytC has been shown to reduce the rate of pneumococcal colonisation in murine infections, while LytB which is highly expressed during exponential phase of growth, has been reported to be essential for cell separation [49] .
Neuraminidase
Neuraminidase cleaves sialic acid from a wide variety of host molecules, thereby causing damage to host tissues. This action may result in exposing receptors for pneumococcal adhesins, thereby facilitating colonisation and invasion. S. pneumoniae has three genes encoding for neuraminidases namely, nanA, nanB, and nanC. Pettigrew et al. [50] investigated 342 pneumococcal isolates of different serotypes and sequence types, for the presence of nan genes; all the isolates carried the nanA gene; a majority carried the nanB gene, while about 50% of the isolates carried the nanC gene.
Pneumococcal Surface Protein A (PspA)
PspA functions as a specific receptor for lactoferrin, and thus plays an important role in the acquisition of iron by S. pneumoniae [51] . Mutagenesis studies have shown that PspA inhibits activation of the complement component C3 and thereby inhibits the complement cascade [52] . This interference with complement activation serves to facilitate pneumococcal survival and host invasion.
Pneumococcal Surface Protein C (PspC)
PspC has some structural similarity with PspA and can cross-react with PspA [53] . However, unlike PspA, PspC is essential for pneumococcal carriage in addition to functional roles in virulence [54] . PspC binds to the polymeric immunoglobin receptor that normally binds secretory IgA [55] [56] . This binding enables translocation of S. pneumoniae across the respiratory epithelium. PspC also binds factor H which hinders the formation of C3b as well as activation of complement [57] .
Pneumococcal Surface Adhesin A (PsaA)
PsaA is a component of an ABC-type manganese permease membrane transport system and has amino acid similarity to lipoprotein adhesins in some viridan streptococci [52] . PsaA and three other genes, psaB, psaC, and psaD form the psa operon. PsaA mutants are reported to express decreased adherence to mammalian cells [58] [59]. This observation has been attributed to the effect of lower expression of other adhesions as a result of loss of manganese transport. Evidence in support of this is the fact that when other genes of the same operon are mutated similar loss of adherence is observed [60] .
Pneumococcal Surface Adherence and Virulence Factor A (PavA)
PavA is located to the cell outer surface of S. Pneumoniae though it lacks the classical cell wall determinants [61] . PavA has been demonstrated to be important in pneumococcal virulence, most probably without direct involvement in host cell interactions and inflammatory responses [62] . 
Others Virulence Determinants
Apart from the virulence determinants described in this section, several other pneumococcal virulence determinants such as beta-galactosidase [64] and enolase [65] have been proposed but are yet to be confirmed.
Host-Pathogen Interaction in Invasive Pneumococcal Disease
The first step in the pathogenesis of invasive pneumococcal disease involves translocation of the organism from the nasopharynx (where it occurs as a commensal) to disease sites including the lungs, blood and meninges [66] . At disease sites, progression of pneumococcal disease involves a complex interaction between pneumococcal virulence determinants and the host immune response which produces four major effects including adhesion, invasion, inflammation and shock [45] [54]. S. pneumoniae adheres to sialylated cell surface glycoconjugates and this is aided by neuraminidases of the organism that cleave terminal sialic acid exposing cryptic receptors [45] . In pneumonia, the attachment process may be augmented by prior influenza infection, which is mediated by a viral neuraminidase [67] . Invasion of pneumococci is mediated by cell wall phosphorylcholine interacting with the platelet activating factor receptor on eukaryotic cells, and only transparent pneumococci are known to bind effectively to these receptors [67] [68] . Human C-reactive protein binds to cell wall phosphorylcholine resulting in complement activation via the classical pathway which leads to inflammation and recruitment of leukocytes [69] [70] . As leukocytes begin to control pneumococcal multiplication, dying bacteria release cell walls, pneumolysins, and other components, leading to greater inflammation, cytotoxic effects on host cells, and shock [67] [71] . In pneumonia, the interaction of leukocytes, the numerous bacterial cells and excessive fluid define the presence of the disease [71] , which is detectable by a chest X-ray. Bacteraemia can occur in some cases of pneumococcal pneumonia, and the most important factor in pneumococcal bacteraemia is the antiphagocytic capsule of the organism which may lead to high bacteria titers. In bacteraemia, pneumococci in the blood can cross the blood-brain barrier and enter the cerebrospinal fluid and brain parenchyma causing meningitis. Like other meningeal pathogens, the pneumococcus recognizes the blood-brain barrier by its interactions with laminin receptor on the vascular endothelium [45] .
Antibiotic Resistance of the Pneumococcus
Epidemiology and Mechanisms of Pneumococcal Antibiotic Resistance
Antibiotic resistance is currently a major public health problem especially, with important human pathogens uch as S. pneumoniae. The problem has been attributed to high use of antibiotics which puts selective pressure on bacteria leading to the emergence of resistant strains. Several risk factors for increased resistance of S. pneumoniae have been identified and include: exposure to specific serotypes and clones, hospitalisation, residence in an urban area, day care attendance, previous exposure to antibiotics, HIV infection and exposure to a class of drug to which resistance can be easily selected from a susceptible population of organisms [72] [73] . Expansion of resistant clones, as well as serotype replacement favouring resistant serotypes and clones, have also contributed significantly to the dissemination of antibiotic resistance [74] [75] . Generally, pneumococcal serotypes 6B, 23F, 14, 9V, 19A and 19F, as well as some pneumococcal clones such as ST 63, ST 81, ST 41, ST 75 and ST 185 are relatively more antibiotic resistant [76] - [78] .
Since its discovery in 1928, penicillin has always been the drug of choice for treating pneumococcal diseases [79] [80] . The mechanism of penicillin action involves inhibition of the formation of peptidoglycan cross-links in the bacterial cell wall, through the β-lactam moiety that binds to the bacterial enzyme DD-transpeptidase [81] . This action weakens the cell wall of the bacterium and causes autolysis. Much of the recent interest in the epidemiology of pneumococci involves tracing the spread of penicillin resistance. The first case of S. pneumoniae resistance to penicillin was detected in 1967 [82] , and since then pneumococcal resistance to penicillin has escalated reaching high rates in both developed and developing countries ( Table 3 ). The mechanism of resistance to penicillin and other beta-lactam antibiotics in pneumococci is due to altered penicillin binding proteins (PBP). There are six variants of the penicillin binding proteins, including five high molecular weight variants and one low molecular weight variant [83] . The high molecular weight variants are in two classes, which are Class A (PBP1a, PBP1b, PBP2a) and Class B (PBP2b and PBP2x). Mutations occurring at penicillin binding domains of PBP can decrease their affinity for penicillin, and thereby make the organism resistant [83] [84] . PBP2b and PBP2x are the primary resistance determinants and are spread among pneumococci through intraspecies or interspecies recombination [85] [86] .
The increasing penicillin-resistant pneumococcus has led to the high usage of non-beta lactam antibiotics for treating pneumococcal diseases. However, the increased usage of such drugs has also resulted in high levels of pneumococcal resistance (Table 3) . Currently, macrolides appear to be the most used non-beta lactam antibiotic for treating pneumococcal infections. Like tetracycline and chloramphenicol, macrolides act at the ribosomal level and inhibit proteins synthesis. Macrolides binds to the 23S rRNA molecule (in the 50S subunit) of the bacterial ribosome and blocks exit of the growing peptide chain [87] [88] . On the other hand, chloramphenicol inhibits peptidyl transferase activity and therefore elongation of the protein chain, while tetracycline blocks attachment of the transfer RNA-amino acid to the ribosome, thereby inhibiting codon-anticodon interaction [87] [89] . Resistance to macrolides in S. pneumoniae occurs by two types of mechanisms resulting in two types of resistance phenotypes, namely, MLS B and M phenotypes. For MLS B phenotype, resistance is mediated by methylation of the ribosomal 23S RNA (drug target) and is associated with the ermB gene, that encodes an rRNA methylase and confers resistance to macrolides, lincosamides and streptogramin B [90] . In the case of the M-phenotype, resistance occurs by drug efflux from cells mediated by a membrane protein encoded by mefA, that confers resistance to the 14-and 15-membered macrolides [91] . M phenotype pneumococci have been reported to be relatively predominant in some countries such as Scotland [92] and United States [93] , while the MLS B phenotype occurs more commonly, in Italy [94] , Belgium [95] , and Germany [96] . Chromosomal mutations can affect the sensitivity of antibiotic targets, and this is the most common mechanism of resistance to a number of non-beta-lactam antibiotics, including quinolones, trimethoprim and rifampin ( Table 4) . Through genetic transformation, resistance to these drugs can be spread to other pneumococci. In the case of macrolides, tetracycline and chloramphenicol, the resistance determinants are carried on conjugative transposons, which are usually of the Tn916-1545 family [97] [98] . Conjugative transposons can easily spread resistance determinants as they are involved in movement between replicative DNA species, and can also be transferred by recombination, particularly in cases where conjugative transposons lose their conjugal transfer genes. Transposition of pneumococcal Tn916 elements can result in the formation of composite transposons such as Tn5253 or plasmids integrated elements that carry several resistant genes [99] .
Development of multiple drug resistance in pneumococci represents a major challenge in the treatment of pneumococcal infections. Multi-drug resistant isolates display resistance to three or more classes of antimicrobial agents, and the first pneumococcal isolate fulfilling this criterion was detected in Johannesburg in 1977 [100] . The high occurrence of pneumococcal antibiotic resistant genes coupled with the ease with which such genes can spread horizontally, have enhanced global dissemination of successful multi-drug resistant pneumococcal Data is absent. pen-penicillin; amp-ampicillin; tet-tetracycline; chlo-chloramphenicol; ery-erythromycin; cot-cotrimoxazole; ctx-cefotaxime.
strains [101] . Currently, it is estimated that up to 40% of S. pneumoniae display multi-drug resistant phenotypes, which is highly variable among countries [72] .
Evolution of Pneumococcal Antibiotic Resistance
Recently, the most important event that has affected the evolution of pneumococcal antibiotic resistance has been the introduction of pneumococcal vaccines. Following introduction of the 7-valent Pneumococcal Conjugate Vaccine (PCV7), it was observed that generally, there has been an increase in antibiotic resistance as well as diseases and carriage associated with pneumococcal serotypes not contained in the vaccine [5] [6] . This phenomenon is referred to as serotype replacement, and a notable pneumococcal serotype associated with serotype replacement is 19A [6] [102] . Given that pneumococcal serotype 19A is particularly associated with antibiotic resistance [76] - [78] , serotype replacement involving this serotype could be an important factor affecting prevalence of pneumococcal antibiotic resistance. Brueggmann et al. [103] showed that the vaccine related increase in antibiotic resistance of serotype 19A was due to an expansion of the clonal cluster-CC199 that was present before introduction of the vaccine and also the emergence of a strain of ST695 that previously carried a pneumococcal serotype 4 capsule. A recent introduction of 13-valent Pneumococcal Conjugate Vaccine (PCV13) which contains serotype 19A can prevent the serotype replacement effect of serotype 19A. However, this would further affect the epidemiology of pneumococcal antibiotic resistance, disease and carriage through serotype replacement of other pneumococcal serotypes. [128] drug efflux mediated by mefF or mefA genes [129] Quinolones Inhibits DNA gyrase [88] Mutations in gyrA or parC genes [130] drug efflux mediated by pmrA gene [131] Tetracycline Inhibits codon-anticodon interaction in protein synthesis [87] [89] tetM or tetO ribosomal protection proteins [132] Chloramphenicol Inhibits peptidyl transferase [87] [89] Inactivation of chloramphenicol by cat gene [133] Trimethoprim Inhibits dihydrofolate reductase [87] - [89] Mutation in dihydrofolate reductase gene [133] Sulfamethoxazole Inhibits dihydropteroate synthetase [87] - [89] Mutation in dihydropteroate synthase gene [133] Rifampin Inhibits bacterial RNA polymerase [87] - [89] Mutation in RNA polymearse gene [134] In the last decade, molecular typing and whole genome sequencing of the pneumococcus have provided unprecedented insights into the evolution of pneumococcal antibiotic resistance. Hanage et al. [104] analyzed 1930 pneumococcal MLST genotypes from six housekeeping genes and 94 genotypes from related streptococcal species. They identified four pneumococcal clusters, including three homogeneous clusters and one cluster that represented admixture of different streptococci (mosaic genotypes). Relatively, the latter was significantly associated with higher antibiotic resistance not only for penicillin, but also for other drugs, including, erythromycin, tetracycline, chloramphenicol, and cefotaxime. Strain in this "admixture" cluster appeared more able to accept extraneous DNA and are thus of particular interest with respect to strains that are more likely to be virulent and/or antibiotic resistant. The findings of this study show that recombination is a major factor driving pneumococcal antibiotic resistance which is not surprising as pneumococcal evolution is dominated by recombination. Using MLST data, Feil et al. [105] showed that the rate of recombination in the pneumococcus was ten times greater than the rate of mutation, while for the meningococcus, the rate of mutation was five times greater than the rate of mutation. The high rate of pneumococcal recombination has been elucidated by the whole genome sequencing of a collection of 240 strains of a single clone, ST 81 [106] . This showed that over 700 recombinational events had occurred in this pneumococcal clone or lineage and 74% of the genome length had undergone recombination in at least one strain. Recently, Wyres et al. [107] used whole genome sequencing to study the evolution of antibiotic resistance of a global collection of 426 strains of the pneumococcal clone ST 81 isolated between 1937 and 2007. The study showed that one of the earliest known penicillin-resistant pneumococci, isolated in 1967 in Australia, was the probable ancestor of the ST 81 clone, since about 95% of its genes were very similar to those of the ST 81 clone. This study also showed that the ST 81 clone was highly promiscuous with its DNA, donating several antibiotic resistant genes, as well as virulence and cell adherence genes to many genotypically diverse pneumococci. It appears that only the ST 81 clone has received such a high level of genome sequencing investigations among pneumococcal strains. Similar sequencing studies on other antibiotic-resistant pneumococcal clones would provide further insights into the evolution of pneumococcal antibiotic resistance.
Pneumococcal Antibiotic Resistance and the Implications for Clinical Practice
The evolution of pneumococcal antibiotic resistance has important implications for clinical practice. Consequently, antibiotic treatment guidelines for pneumococcal infections especially, meningitis and pneumonia are updated in response to the changes in resistance patterns. According to the current Infectious Disease Society of America (IDSA) guidelines on the management of community-acquired pneumonia in adults, a macrolide is recommended as a single regimen for outpatient treatment [108] . However, using macrolides as empirical regimen in areas where macrolides resistance rates are higher than 25% should be discouraged [108] . This implies that macrolides such as erythromycin should probably not be used for treatment of pneumococcal infections in countries such as China, Ghana, Thailand, United States and Sri Lanka ( Table 3) . It is recommended that cefuroxime is administered to patients with risk for antibiotic-resistant pneumococcal infection [108] . However, again the relatively high prevalence of cefuroxime resistance in some countries does not make this feasible [109] . For pneumococcal meningitis, it recommended that a third generation cephalosporin such as cefotaxime or ceftriaxone is administered [110] . However, due to the increasing pneumococcal resistance to these drugs, IDSA recommends addition of vancomycin [110] . It is important to note that pneumococcal resistance to cotrimoxazole and tetracycline have reached high levels globally (Table 3) , and therefore these antibiotics should not be used to treat pneumococcal infections. Generally, the disparities in pneumococcal antibiotic resistance among different countries appear to be wide (Table 3) , and therefore there is the need to develop antibiotic treatment guidelines based on local or in-country resistance data.
Conclusion
Pneumococcal pathogenesis involves a complex interaction between pneumococcal virulence determinants and the host immune response which produces four major effects including adhesion, invasion, inflammation and shock. Many pneumococcal virulence determinants have been identified, and the pneumococcal capsule remains the most important virulence. Several aspects of pneumococcal pathogenesis are still not fully understood, for example, the factors involved in the translocation of the organism from the nasopharynx to disease sites such as the lung are not clear. Pneumococcal resistance to antibiotics is reaching alarming levels and antibiotics such as cotrimoxazole and tetracycline provide little benefit in antimicrobial therapy. Recently, the most important event that has affected the evolution of pneumococcal antibiotic resistance has been the introduction of pneumococcal conjugate vaccines. This has caused serotype replacement, with non-vaccine serotypes becoming more prevalent in disease, carriage and antibiotic resistance. With the ability of the pneumococcus to evade several classes of antibiotic and also conjugate polysaccharide vaccines, the pneumococcus has proven to be a particularly formidable public health enemy. Advances in molecular biology especially, whole genome sequencing has provided invaluable insights into pneumococcal pathogenesis and evolution of pneumococcal antibiotic resistance. Further pneumococcal studies in this area could provide insight into novel strategies for antimicrobial agents and more effective pneumococcal vaccines.
